INTRODUCTION
The investigation and determination of the impact of DFIG wind farms and their controllers on power system transient performance require power system simulation and analysis tools that incorporate both an accurate dynamic model of a DFIG wind turbine and a realistic representation of a power network [1] .
This paper investigates the dynamic performance of DFIG wind turbines in multiple machine systems using three different network configurations: (i) connection of the DFIG wind farm to an infinite bus through a two-bus double circuit; (ii) connection of both DFIG wind farm and local synchronous generation to the main grid represented by an equivalent synchronous generator; and (iii) connection of a large DFIG wind farm in a multi-machine network. Results from computer simulations conducted in
IPSA are presented and commented. Data used for the simulation models is provided in the Appendix.
DFIG WIND TURBINE
DFIG wind turbines use a wound rotor induction generator, where the rotor winding is fed through a back-to-back variable frequency PWM converter as shown in Fig. 1 [2] . Voltage limits and an over-current "crowbar" circuit protect the machine and converters [3] . Converter 2 (C2) is fed from the generator stator terminals via a reactive link and provides a DC supply to Converter 1 (C1) that produces a variable frequency three-phase supply to the generator rotor via slip rings. Manipulation of the rotor voltage permits control of the generator operating conditions.
DFIG control strategy
Fig . 2 illustrates the strategy used to control the DFIG torque and terminal voltage/power factor using the rotor-side converter. This strategy was developed in the dq reference frame with axes rotating at synchronous speed ( )
. The q -axis was assumed to be 90º ahead of the d -axis in the direction of rotation, and the d -axis was chosen such that it coincides with the maximum of the stator flux. In this strategy the torque control loop modifies the electromechanical torque of the generator to respond to variations in the rotor speeds. Given a rotor speed measurement, a look-up table representing the wind turbine torque-speed characteristic is used to obtain a reference torque sp T , which after some manipulation is imposed upon the DFIG rotor as [3] [6]:
From Eq. (1) the reference for the rotor current in the q -axis 
NETWORK MODELS AND SIMULATION RESULTS
The performance of DFIG wind turbines and their control system was assessed using three network configurations implemented in IPSA [7] as described below.
Network 1: DFIG-Infinite Bus
In the first network configuration the DFIG wind turbine is connected through a two-bus double circuit to an infinite busbar, which represents a very large power system as shown in Fig. 3 . At the point of common coupling (PCC) a short circuit level of 40 MVA was used, and an X/R ratio of 5 was selected to represent a distribution network. The DFIG wind turbine is controlled using the strategy described in the previous section. To observe the response of the DFIG wind turbine to power system disturbances a three-phase balanced fault is applied at the midpoint of one of the circuits at 1.0 t = s with a clearance time of 150 ms. Fig. 4 shows the DFIG terminal voltage, slip and active and reactive power obtained form this simulation. The time scale is given in seconds. These results illustrate that the DFIG and the network maintain stability after the fault has been cleared. The operation of the DFIG control system is satisfactory as the terminal voltage returns to the pre-fault value with fast response and little oscillation. As shown in Fig. 4 (b) the rotor of the DFIG wind turbine accelerates slightly during the fault, but it recovers the steady state value once the fault is cleared. These results show that variable speed DFIG wind turbines improve the stability of the network during disturbances if they are provided with adequate speed and voltage and/or power factor controllers.
Time-seconds
Time-seconds 
Network 2: Mixed generation -3-Bus Model
To further investigate the performance of DFIG wind turbines a 3-bus power system with mixed generation was modeled as shown in Fig. 5 . This network comprises both wind farm and conventional thermal generation connected to the main system through the impedances of coupling transformers and transmission lines. Both forms of generation are connected to a common bus where a load is also connected. The main system is modeled as an equivalent loaded synchronous generator representing the combined effect of the system generators and load. The loaded synchronous generator has a capacity of five times that of the wind farm for the studies involved. Simulations were conducted applying a three-phase balanced fault at the network-side terminals of the DFIG connecting transformer as shown in Fig. 5 . The fault is applied at 0.2 t = s with a clearance time of 150ms. The results of this simulation are shown in Fig. 6 and Fig. 7 for the DFIG wind turbine and the local 
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Session No 4 synchronous generator, respectively. The retained terminal voltage of the DFIG during the fault drops to 30 % as shown in Fig. 6 (a) and the active power drops to zero (Fig. 6(c) ). Although the generator accelerates during the fault (Fig. 6(b) ), the DFIG control system drives the generator back to the pre-fault value after the clearance of the fault. It is also possible to observe in Fig. 6 the effect of the local synchronous generator post-fault oscillatory behavior on the DFIG responses. Before, when an infinite bus modeled the conventional generation this oscillatory behavior was not present.
Time-seconds Time-seconds The responses of the local synchronous generator are illustrated in Fig. 7 . In this simulation no power system stabiliser capabilities were used in the generator control system and therefore the system recovers stability with noticeable post-fault oscillations.
Time-seconds Time-seconds Comparison of the results obtained with Network 1 and Network 2 models illustrates that modelling the main system as an infinite bus represents an optimistic condition, which can obscure significant dynamic characteristics of the power system behaviour, and can give rise to misleading conclusions on wind farm dynamic performance. In order to enable DFIG control schemes to be designed and analysed, and dynamic performance characteristics of wind farms to be assessed, Network 2 provides a more appropriate and realistic representation of a power system with mixed, conventional and wind, generation.
Mixed generation -Multi-machine Network
The third network configuration considered for these studies represents a multimachine system comprising a large DFIG wind farm (rated power max 80MW) and local hydroelectric conventional generation connected to the UK 132-kV distribution network, as shown in the single-line schematic diagram of Fig. 8 . Further data of the multimachine system and the parameters of the DFIG wind turbines are included in the Appendix together with a layout of the wind farm. In the multimachine network shown in Fig. 8 a full representation of the wind farm was considered modelling individually each DFIG wind turbine and its associated control system, that is, no aggregated model of the wind farm was used. To assess the multimachine system and wind farm dynamic performance during large disturbances a balanced three-phase fault was applied at BUS18 at 0.1 t = s with a clearance time of 150 ms. the DFIG wind turbines are provided with a simplified controller, which enable the system to operate properly during steady state conditions. However the results shown in Fig. 9 illustrate that this simple controller is not effective in providing sufficient control action during the disturbance, and therefore the system fails to recover stability with an unsatisfactory response that shows extremely high post-fault oscillations.
Time-seconds Time-seconds However, when the DFIG wind turbines are controlled using the speed and voltage/power factor strategies presented in this paper the system recovers stability with a fast and smooth response as illustrated in the results of Fig. 10 .
Time-seconds Time-seconds However, as each DFIG wind turbine and its controller were modelled individually it was observed that a systematic approach had to be followed to tune properly each turbine controller in order to achieve an adequate system response. The speed controller, with slower dynamics, was tuned first and then the voltage controller. The interaction between these control loops was also minimised in each DFIG wind turbine to prevent fluctuations in individual machine responses from being amplified in the total wind farm response due to the large number of interconnected DFIG machines.
CONCLUSIONS
This paper presented the transient analysis of DFIG wind turbines in multiple machine networks using IPSA. The performance of DFIG wind turbines and controllers was presented using three different network configurations including a large wind farm connected to a multimachine system. Simulation results illustrated the consequences of modeling the main system by an infinite bus model or by an equivalent loaded synchronous generator. It was observed that the infinite bus model represents an optimistic condition, which can give rise to misleading conclusions on wind farm dynamic performance. However, with the generator equivalent model of the system the DFIG is subjected to greater disturbance transients due to the oscillatory response of the system model. Therefore, representation of the system by an equivalent generator provides a more realistic and convenient approach to explore the operation of DFIG wind farms and their interaction with the network. Simulation results of the multi-machine network illustrated the importance of modelling the wind farm by individual representation of each wind turbine and its control system. It was observed that in this case the control system design and tuning plays a fundamental role in the dynamic characteristics of the wind farm and its interaction with the power network. Additionally, modelling individually each DFIG wind turbine may provide further insight into DFIG control scheme design and dynamic performance assessment than that provided by using an aggregated model of the wind farm. Fig. 11 . Lay out of the wind farm used in the multimachine system (Network 3).
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